ABSTRACT Fine-grained water quality data can facilitate the optimized management of water resources, which have become increasingly scarce due to population growth, increased demand for safe sources of water, and environmental pollutions. There is a pressing need for cost-effective, reliable, re-usable, and autonomous water sensing technologies that can provide accurate real-time water quality measurements. In this paper, we present a microwave sensor array with sensing elements operating at different frequencies in the wide frequency band of 1 GHz to 10 GHz. The use of array allows for collecting more information compared with a single sensor system. The sensor array can be fabricated in a cost-effective way through standard printed circuit board (PCB) technology. Here, it is tested with water solutions of various contaminants and parameter values. The dielectric properties of the water sample with different contaminants and parameter values are measured and provided as well.
I. INTRODUCTION
Population growth, urbanization, and climate change have put significant stress on the natural resources related to food, energy and water (FEW) that sustain human livelihood. The sustainable supply of these resources is also impacted by human activities and myriads of factors, such as waste management, changing dietary patterns as well as land use [1] - [5] . In particular, agricultural runoff has been reported to be one of the top pollutants of water sources [6] . As an example, runoff from over fertilization and waste from large farms increase nutrients in natural water sources causing algae outbreaks, which reduces dissolved oxygen in water, causing decline in fishery and disturbing the ecosystem [7] , [8] . These factors and the compounded effect of climate change negatively impact surface and ground water quality [9] . To understand the complex interconnection amongst these factors for a more informed decision-making, fine-grain data is needed.
In many cities, current water monitoring systems and stations use a reactive mechanism that measures water quality at limited and fixed locations close to water utilities and water sources [10] . At its current stage, there is not enough
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fine-grained data that can be used to study the dynamic interactions of FEW stressors. Improved data acquisition with autonomous sensor networks for fine-grained data sampling and collection is critical for ensuring urban water sustainability, and better analysis, predictability, and optimization of water resource quality [11] - [13] .
To address this need, for the first time, we present a microwave sensor array for water quality testing. Microwave sensing has been utilized over the past decade for a broad area of applications from noise measurement systems [14] and spatial displacement measurement [15] to single-cell viability detection [16] and material characterization [17] , [18] . In particular, in [19] , a zero-power microwave sensor has been reported for the real-time assessment of water quality based on open-end coaxial sensors.
In microwave sensing and spectroscopy systems, the aim is to characterize the spectral behavior of the materials in a frequency range below 100 GHz. Microwave dielectric spectroscopy can result in a low-cost integrated system for laboratory-on-a-board applications [20] . One important application of this method is material mixture characterization. This is due to the fact that the dispersive properties of mixtures of materials highly depend on their molecular level interactions and charge distributions at microwave frequencies [21] . The sensing part of a microwave material characterization system can be constructed using either a single resonator [22] , [23] or a transmission line (TL) [24] . While the former provides a better sensitivity in a limited frequency bandwidth, the latter is suitable for broadband sensing with reduced sensitivity. For water quality sensing, since different concentrations of various pollutants might have the same dielectric constant at a specific frequency, narrow-band resonator-based methods result in ambiguity in detection. Tackling the tradeoff between the sensitivity and bandwidth to achieve broadband dielectric spectroscopy is challenging.
In this paper, we present an array of five resonator sensors with the elements of the array operating at different frequencies covering a wide bandwidth. This allows for taking the advantage of excellent sensitivity of high quality factor (Q) resonators while, similar to TL approach, collecting information over a wide bandwidth (at multiple frequencies within the band). To implement this task, our presented sensor array is based on metamaterial-inspired resonators. The array is re-usable, cost-effective, and can be mass-produced. The elements of the microwave sensor array operate at different frequencies over a wide frequency spectrum from 1 GHz to 10 GHz. It provides a much richer information for the water samples under test than a single sensor system. Microwave sensor arrays have been used before for mircrofluidic sensing [25] and thin-film sensing [26] . Here, we present the design and evaluation of a microwave sensor arrays for water quality testing.
The frequency range of 1 GHz to 10 GHz has been selected according to the consideration that cost-effective commercial RF/microwave components are available at this range allowing for replacing VNA with inexpensive data acquisition circuitry. Besides, five elements for the sensor array with resonant frequencies, almost uniformly distributed over the above-mentioned band, allows for a thorough study of the water property change within this band. Obviously, having larger number of sensors within this band increases the size of sensor array, renders the design process more complicated, and increases the fabrication cost.
Furthermore, we present the dielectric property measurements of water solutions with various contaminants. To our best knowledge, this is the first attempt that the dielectric properties of water pollutants in microwave regime are reported. The results show the capabilities and limitations of using a microwave sensor array for water quality testing. This paves the way toward the advent of a new generation of water quality sensors which are: 1) compact, (2) cost-effective for mass-production and distribution over vast bodies of water, (3) passive to reduce maintenance cost, (4) re-usable, and (5) flexible for further modification to increase sensitivity and selectivity.
The contributions of the paper include: 1. Presenting the dielectric properties of water solutions with various contaminants and parameter values in microwave regime and over the wide frequency range of 1 GHz to 10 GHz.
2. Using a microwave sensor array to measure the responses to water solutions with various contaminants and parameter values over the wide frequency range of 1 GHz to 10 GHz. 3. Evaluation of sensitivity of the sensor array's elements for major water contaminants and parameter values.
II. MAJOR WATER CONTAMINANTS AND WATER QUALITY PARAMETERS
In this section, we describe some of the major parameters and contaminants commonly considered for water quality testing together with some of their standard levels.
A. NITRATE, PHOSPHATE, AND AMMONIUM
Both nitrogen and phosphorus are essential nutrients for plants and animals. Nitrogen exists in water in the form of nitrate (NO 3 ). Excessive amounts of nitrate increase algae growth. Algae can rob the water of dissolved oxygen and eventually kill fish and other aquatic life. Sources of nitrate may include human and animal wastes, industrial pollutants and runoff from heavily fertilized croplands and lawns. Under certain conditions, high levels of nitrates (10 mg/L or more) in drinking water can be toxic to humans. High levels of nitrates in drinking water have been linked to serious illness and even death in infants [27] . The standard limits of nitrate in treated waste water is 30 mg/L.
In nature, phosphorus usually exists in the form of phosphate (PO 4 ). Since phosphorus is the nutrient in short supply in most fresh waters, even a modest increase in phosphorus can cause events including accelerated plant growth, algae blooms, low dissolved oxygen, and the death of certain fish, invertebrates, and other aquatic animals. The sources of phosphorus include: soil and rocks, wastewater treatment plants, runoff from fertilized lawns and cropland, failing septic systems, runoff from animal manure storage areas, disturbed land areas, drained wetlands, water treatment, and commercial cleaning preparations [27] . The standard levels for treated waste water and drinking water are approximately 20 mg/L and 4 mg/L, respectively. Ammonium (NH 4 ) is one of the forms of nitrogen that exist in aquatic environments. Unlike other forms of nitrogen, which cause nutrient over-enrichment of a water body and indirectly affect aquatic life, ammonium causes direct toxic effects. It is produced for commercial fertilizers and other industrial applications. Natural sources of ammonium include: decomposition or breakdown of organic waste matter, gas exchange with the atmosphere, forest fires, animal and human waste, and nitrogen fixation processes. High levels of that in water makes it difficult for aquatic organisms to sufficiently excrete the toxicant, leading to toxic buildup in tissues and blood, and potentially death. Environmental factors, such as pH and temperature, can affect ammonia toxicity [27] . The typical standard level for ammonia in drinking water is 20 µg/L.
B. HEAVY METALS
The term heavy metal refers to any metallic chemical element that has a relatively high density and is toxic or poisonous at low concentrations in water. Examples of heavy metals include mercury (Hg), cadmium (Cd), arsenic (As), chromium (Cr), thallium (Tl), and lead (Pb). In this paper, we consider measuring Cr, Hg, and Pb.
Main sources of Cr contamination in drinking water include discharge from steel and pulp mills and erosion of natural deposits. Long-term exposure to high doses of Cr can cause Allergic dermatitis [27] . Typical standard levels for Cr in treated waste water and drinking water are 1 µg/L and 100 µg/L, respectively [27], [28] .
Main sources of Hg contamination in drinking water include erosion of natural deposits, discharge from refineries and factories, and runoff from landfills and croplands. Longterm exposure to high doses of Hg can cause kidney damage [27] . Typical standard levels for Hg in treated waste water and drinking water are 5 µg/L and 2 µg/L, respectively.
Main sources of Pb contamination in drinking water are corrosion of household plumbing systems and erosion of natural deposits. Some potential health effects from longterm exposure to high doses of Pb include delays in physical or mental development of infants and children. Besides, children could show slight deficits in attention span and learning abilities. In adults, it causes kidney problems and high blood pressure [27] . Typical standard levels for Pb in treated waste water and drinking water are 50 µg/L and 15 µg/L, respectively.
C. PH
The pH of a body of water is a measurement of its acidity or alkalinity ranging from 0 to 14, with the lower values indicating acidic environments and the higher ones alkaline. A completely neutral pH has the value of 7. A one-point change in pH indicates a ten-fold change in the acidity or alkalinity of the body of water. According to New York State regulation 6 NYCRR Part 703.3 [29] , pH shall not be less than 6 or greater than 9.5 for a Class D body of fresh surface water and shall not be less than 6.5 or greater than 8.5 in Classes AA, A, B, C, AA-Special, A-Special, or GA. Class D waters are suitable for fish, shellfish and wildlife survival, as well as for primary and secondary contact recreation. The other classes are better quality waters with AA-Special having the highest standards. Class GA represents potable groundwater. Drinking water supplies in New York State are set by the New York State Department of Health (NYSDOH). The acceptable pH range set by NYSDOH is 6.8 to 8.2 and is based upon the Federal Lead and Copper Rule [30] .
D. DISSOLVED OXYGEN
A sufficient amount of dissolved oxygen (DO) in surface water is necessary to maintain a healthy ecosystem. Levels below 5 mg/L begin to put stress on aquatic life, and levels below 2 mg/L begin to result in fish kills. In New York State, the regulatory limits for DO vary depending upon the class of water [29] . For rivers and the hypolimnion of lakes, DO must not be under 6 mg/L. In trout spawning waters, the DO must not be under 7 mg/L. Class D surface water shall not be less than 3 mg/L. Measuring real-time DO in bodies of water may provide crucial data for public health impacts. Bacterial degradation of organic matter results in a drop of DO, indicating pollutants in that body of water [31] . A disruption to the food web is an outcome of aquatic dead zones resulting from oxygen deficient ecosystems [32] .
E. CONDUCTIVITY
Water carries dissolved ions which, in turn, allows it to provide a flow of electricity [33] . Increased conductivity in fresh surface water indicates an increase in the amount of dissolved ions, while an increase in groundwater implies saltwater intrusion. Measuring the total dissolved solids (TDS) in water is often used alongside conductivity and provides a value for all ions and organic matter that are dissolved and smaller than 2 microns. The unit of TDS measure is mg/L. In New York State, TDS cannot exceed 500 mg/L in most waters, and cannot exceed 200 mg/L in waters that will be used for consumption.
III. IMPORTNACE OF REAL-TIME WATER QUALITY SENSING
Drinking water and wastewater systems most often have their own wet chemistry labs and the technologies are typical for that environment. For example, in New York City, the Department of Environmental Protection collects more than 1,300 water samples per month from up to 546 locations. These samples are collected by field personnel and analyzed for bacteria, chlorine levels, pH, inorganic and organic compounds, turbidity, odor, and many other water quality indicators in a drinking water quality laboratory. There are 965 sampling stations throughout the city with a construction cost of 11 million dollars [10] . Wastewater is measured at the influent, effluent, and treatment tanks in between. Wastewater treatment workers typically collect samples manually for a number of parameters at varying frequencies dependent upon the facility's discharge permit. Samples are sent to an onsite wet chemistry laboratory where temperature, pH, biological oxygen demand (BOD), and bacteria are quantified as well as any other parameters dictated by the permit. The technologies found in the laboratories are typical pieces of equipment, ranging from pH and dissolved oxygen meters to liquid chromatography systems. Results can be turned around from several hours to several days.
The above-mentioned common practices in water quality sensing indicate that the development of a water sensing technology that is fast, reliable, compact, and cost-effective is of high demand.
IV. DESIGN, FABRICATION, AND PARAMETRIC STUDY OF THE MICROWAVE SENOR ARRAY
In this section, we present the design of a microwave sensor array for water quality testing. The sensor array is composed VOLUME 7, 2019 of five elements, each of which is designed based on a microstrip transmission line loaded with a complementary split ring resonator (CSRR) resonating at a different frequency within the range of 1 GHz to 10 GHz.
In general, a transmission line loaded with a resonant element (either coupled to it or in contact with it), such as split ring resonator (SRR) [34] or CSRR [35] , exhibits a set of transmission zeros in the frequency response. These transmission zeros occur at those frequencies where the resonant element produces an open or a virtual ground to the line, and the injected power is completely reflected back at these frequencies (excluding the effects of losses). Typically, the frequency of interest for microwave circuit and sensor design is the first (fundamental) resonance frequency, where metamaterial-inspired resonators can be used in order to achieve compact dimensions. This frequency (and higher order harmonic frequencies) may be altered by the presence of substances/materials surrounding the resonant element. Therefore, the resonance frequency variation and the response level of the sensor at resonance can be used for sensing material characteristic changes. These sensors are useful in many applications where design simplicity and low cost are key aspects to consider.
Recently, resonant microwave sensors based on the planar microstrip line loaded with SRR [36] or CSRR [37] - [41] have been reported to determine the properties or other parameters of dielectric materials under test in microwave regime. The design of resonant sensors based on the planar technology has certainly many advantages such as its low cost, portability, non-invasiveness and flexibility of sample preparation. However, the configurations examined in the literature so far are mainly based on a single sensor element which provides material characterization only at one specific frequency.
It has been shown in [38] that CSRR sensor structure is more sensitive to changes in permittivity than SRR structure. Therefore, here, CSRR structure is selected for water sensing. In particular, an array of five CSRRs are used for sensing major parameters and pollutants in water as shown in FIGURE 1. The CSRRs are etched out of a ground plane on the surface of a substrate with a microstrip line on the opposite surface of the substrate. This configuration for sensor array can be fabricated in a cost-effective way through printed circuit board (PCB) technology.
The CSRR structure has a planar shape with a center island connected to the surrounding ground planes by narrow lines. When there is a voltage difference between the center island and the surrounding ground plane, the current experiences a capacitance between the island and the ground plane and an inductance at the narrow lines that connects the two. Therefore, depending on the capacitance and the inductance, resonant behavior is observed. Typically, larger CSRR dimensions are associated with lower resonant frequencies, as larger dimensions entail higher inductance and higher capacitance. When exciting the microstrip from one end, the electromagnetic fields travel through the microstrip transmission line from one end to another. The split rings on the ground surface can affect the current in the microstrip line leading to resonances at certain frequencies.
The sensor array in FIGURE 1 allows for measuring the change in the dielectric properties of water over a wide frequency range from 1 GHz to 10 GHz. Specifically, the sensor array presented here contains elements resonating at five frequencies around 1 GHz, 3 GHz, 5 GHz, 7 GHz and 9 GHz. The change in the dielectric properties can be then monitored through measuring both resonance frequency shifts and amplitude changes of the responses at resonance frequencies.
The sensor design is implemented and evaluated using Altair FEKO simulation software [42] which is based on method of moments (MoM). The substrate is chosen to be Rogers RO4350 with dielectric properties of ε r = 3.66 and tan δ = 0.0031. The width W s and length L s of substrate are 20 mm and 56 mm, respectively. The thickness of the substrate is 0.75 mm. A microstrip line with characteristic impedance of 50 (width of strip line is W m = 1.68 mm) is placed at the center of the front surface of the substrate. On the back side of the substrate, there is a ground plane with five CSRRs etched out of that. The CSRRs, as shown in FIGURE 1(b), are named Sensor 1 to Sensor 5 from left to right, each of which corresponds to an increasing resonance frequency.
FIGURE 2 shows the design parameters for each sensor including the length of the outer ring L, width of the rings W , the track between adjacent rings b, and the width of narrow lines a. As a rule of thumb, a larger value of L corresponds to a lower resonance frequency and as W increases, the resonance frequency decreases.
In this paper, considering the fabrication limits, we restrict the minimum width of tracks and gaps to be 0.16 mm or larger. The sensors are then placed on the same substrate as shown in FIGURE 1(b) to construct the sensor array. Further finetuning is conducted for the complete model. The final design parameters and center-to-center distances for the sensor array are shown in Table 1 and Table 2 , respectively. FIGURE 3 shows the fabricated sensor array. In order to test water samples, a plexiglass container with thickness of bottom surface t = 1.6 mm is installed on the back surface of the device including all the CSRRs. Then, SMA connectors are soldered on both ends of the microstrip transmission line. Finally, the whole device is installed on a piece of wood stand to ensure a mechanically stable platform for conducting the measurements.
To monitor the response of the sensor array to water solutions, the variation of transmission S-parameter |S 21 | versus frequency is measured using a vector network analyzer (E5063A ENA from Keysight Technologies) as shown in FIGURE 4. FIGURE 5 shows the variation of the simulated |S 21 |, compared with the one measured for the fabricated sensor array with the empty container as well as the case in which the container is filled with distilled water. It is observed that reasonable match is observed between the simulated and measured results (for empty container). The mis-matches can be due to the use of container in the measurement (it was absent in the simulation model), fabrication tolerances, and soldering.
It is worth noting that since the sensitivity and selectivity of CSRR-based sensors rely on the high Q of the elements, placement of the CSRRs next to a medium with substantial loss can significantly lower the Q of the elements, which, in turn, results in significant deterioration of the sensing accuracy. This issue has been also pointed out in [37] , [38] . In particular, it has been shown in [37] that increasing the thickness of a Teflon film between the CSRR element and a metal (aluminum) under test, improves the sensitivity of the sensor. Here, since CSRRs are used for sensing water which is a lossy material (specially, if it contains heavy metal contaminants), we use a container with a certain thickness of bottom surface t. Choosing a container with proper value of t is crucial. An excessively thin container (if t is too small) leads to lower Q of the resonators and lower sensitivity. On the other hand, an excessively thick container (if t is too large) may also decrease the sensitivity of the responses to the water samples due to a larger distance between the water samples and regions of field concentrations on CSRRs. Including this effect in the FEKO simulation model to optimize t is not straight-forward. This is due to the fact that the commercial dielectric probe kit utilized in this project does not provide reliable measured property values for high conductivity solutions, i.e., water solutions with heavy metal inclusions, as discussed later. As mentioned earlier, in this work, we used a plexiglass container with t = 1.6 mm.
To further study the effect of thickness of the container t (distance between the sample and CSRRs) and the volume of the container, we conduct measurements with four containers as shown in FIGURE 6. The container in FIGURE 6(a) is the original one used in water sample measurements with t = 1.6 mm. The container in FIGIRE 6(b) has lower thickness as t = 0.8 mm. The containers in FIGURES 6(c) and 6(d) have similar thickness t as the original container but have larger volumes. Tables 3 shows the dimensions of these four containers. FIGURE 7 shows the measured responses when these four containers are filled with distilled water and using another fabricated sensor array. It is observed that the quality VOLUME 7, 2019 FIGURE 6. The containers used to study the effect of distance between water sample and CSRRs and the container volume, (a) Table 3 .
FIGURE 7.
Measured |S 21 | for another fabricated sensor array when using the four containers shown in FIGURE 6 with dimensions shown in Table 3 and filled with distilled water. factors for the resonances deteriorate for the thinner container compared to the original one as expected and discussed in the previous paragraph. The responses for larger containers do not show deterioration of quality factors except at the lowest resonant frequency. This could be due to the fact that at larger wavelengths, the field is affected (attenuated with the lossy water sample) over a larger distance from the CSRR structure.
Next, to study the effect of distances between CSRRs and substrate edge effects, we conduct a simulation study. In a first model the distances X 1 to X 6 reported in Table 2 are doubled. In a second model, the width of the substrate W s is doubled as well in addition to doubling distances X 1 to X 6 . FIGURE 8 compares the responses of these models with the original design. It is observed that, in particular, doubling the distances X 1 to X 6 has some effects on the quality factors of the CSRR resonators. This study also helps to understand the reason for the decrease in the |S 21 | level at higher frequencies. It shows that this effect is not due to the mutual effect between the CSRR structures or the substrate edge effects. Instead, we conclude that this effect is mainly due to the loss of power in the form of radiation from CSRR structures. This conclusion was further validated via simulation of a single CSRR structure over a large substrate. Table 2 (referred to as double distances in the plot), and a model with doubling the distances X 1 to X 6 in Table 2 and doubling the width of the substrate W s (referred to as double distances & double width in the plot). In the simulation model, we also observe the current distribution around each sensor as shown in FIGURE 9 . Investigation of the current distribution on a CSRR at the resonance frequency shows the critical locations at which the electromagnetic energy is concentrated. It is observed that the current distributions are maximum at the region around the CSRRs which make these regions sensitive to variations of the fields due to the changes in the material properties.
V. EVALUATIONS AND RESULTS
In this section, we first introduce the water solutions employed in this study. Next, the dielectric properties of the samples are measured with a commercial dielectric probe kit and then the responses to these samples are presented for the sensor array. 
A. WATER SAMPLES USED IN EVALUATING THE PERFORMANCE OF THE MICROWAVE SENSOR
In this section, we present the water samples used to evaluate the performance of the microwave sensor array. We used commercial solutions of different contaminants. Table 4 shows the commercial samples used in the study and their corresponding concentration levels or parameter values. In order to provide various conductivities, sodium chloride (NaCl) has been dissolved in water with concentration levels indicated in Table 4 . Approximately, each mg/L of NaCl produces conductivity of 2 µS/cm. Besides, our DO sample has concentration of 0 mg/L. It is composed of 5% of Sodium Sulfite (Na 2 SO 3 ), less than 0.001% of Cobalt Chloride Hexahydrate (CoCl 2 .6H 2 O), and more than 94% of deionized water (H 2 O). This indicates that this solution has large conductivity (highly lossy material).
In the following sections, we present the measured dielectric properties as well as the measured responses of the sensor array to these water samples. As discussed in section V.C, some of the samples are diluted with distilled water to study the sensitivity of the responses.
B. MEASUREMENT OF DIELECTRIC PROPERIES WITH A DIELECTRIC PROBE KIT
In order to better understand the responses of the sensor array, first, the dielectric properties of the distilled water and the water solutions are measured with a Keysight Dielectric probe kit (performance probe N1501A) together with the relevant measurement Software N1500A and a vector network analyzer (E5063A from Keysight). Here, the real and imaginary parts of permittivity are denoted by Re(ε) = ε r and Im(ε) = ε i , respectively. FIGURE 10 shows the dielectric measurement setup. The measurements are conducted after calibrating the dielectric probe with measurements taken using distilled water, open, and short components. Then, the real and imaginary parts of the permittivity are measured within the frequency range of 1 GHz to 10 GHz. FIGURE 11 to FIGURE 13 show the results. A table that summarizes the permittivity of samples under test is presented in the Appendix for easier reference. Please note that according to the manufacturer of the dielectric probe kit (KeySight Technologies), the dielectric property measurements may not be reliable for samples with high conductivity in microwave regime. This was also observed in our measurements (measurements were not repeatable and reasonable for such solutions). Thus, here, we exclude dielectric property measurement results for water solutions with heavy metals and DO which have very high conductivities within microwave frequency range.
FIGURE 11 shows that the water solutions with ammonium, nitrate, and phosphate show a noticeable change in ε r compared to distilled water. However, their ε r values do not differ much (from each other) in the measured frequency range. Besides, it is observed that ε i does not change much compared to distilled water for these solutions. The property measurements for these three solutions indicate that it is difficult to distinguish these water solutions from each other. However, it is still possible to detect them and distinguish this category of samples from distilled water. FIGURE 12 shows the variation of ε r and ε i for water solutions with pH levels of 4, 7, and 10. It is observed that ε r values differ from distilled water at higher frequencies (around 6 GHz) while ε i values have larger differences with distilled water at lower frequencies (around 4 GHz). Also, different levels of pH are better discernable from ε i values at lower frequencies rather than ε r values at higher frequencies. FIGURE 13 shows the variations of ε r and ε i for water solutions with NaCl concentrations of 6440 and 40000 µg/mL. As described in section V.A, higher concentrations of NaCl corresponds to higher water conductivities. It is observed that with higher levels of conductivity, the values of ε r and ε i differ more from those of distilled water.
C. MEASUREMENTS AND ANALYSIS OF RESPONSES FOR MICROWAVE SENSOR ARRAY
In this section, we present the results of measuring responses of the microwave sensor array when the sensor is exposed to water solutions presented in section V.A. The response of the sensor (|S 21 |) is measured with a Keysight E5063A vector network analyzer. As discussed earlier, to measure the samples, a plexiglass container with bottom thickness of 1.6 mm is placed on the back surface of the sensor to cover the CSRRs on the ground sheet. FIGURE 14 to FIGURE 20 show the differences in the resonance frequencies ( f ) and the differences in their corresponding values of |S 21 |( A) at resonance frequencies with respect to distilled water. In order to observe the sensitivity of the sensors to various concentrations of contaminants, we dilute some of the samples discussed in section V.A to lower concentrations using distilled water. The concentration of the diluted samples will be discussed along with the obtained responses in the following.
The complex dielectric values for ammonium, nitrate, and phosphate are very close as shown in FIGURE 11 . Thus, here, we present the sensor array response only for phosphate since others provide similar results. FIGURE 14 shows the variation of f and A for two concentration levels of phosphate: 50 ug/mL and 100 ug/mL. It is observed that the values of f and A increase with the increase of the concentration level for all the sensor elements. In general, the largest f responses are observed for Sensor 5 which is consistent with ε r measurement in FIGURE 12(b) , showing the largest variation of ε r for pH solutions at higher frequencies. For A, also almost all sensors show measurable values with A larger than 1 dB. Sensors 3 and 4 show the largest A values. FIGURE 19 shows the variation of f and A for two concentration levels of NaCl: 6440 ug/mL and 40000 ug/mL. It is observed that, in general, the values of f and A increase with the increase of the concentration level for all the sensor VOLUME 7, 2019 FIGURE 18. Response changes due to water solutions with three pH levels with respect to distilled water: (a) f and (b) A. elements. The largest value of f is observed for Sensor 1 and for higher NaCl concentration. This is consistent with the ε r measurement results in FIGURE 13(a) . Besides, the largest values of A are observed for Sensor 1 which is also consistent with ε i measurement results in In general, it is observed that the changes in the responses due to the tested water solutions are measurable for many of the sensors. To justify that, here, we refer to sample works in the literature, in which, VNA has been used to measure response changes of the resonance-based microwave sensors. For instance, response changes as low as 0.1 dB in |S 21 | and 0.1 MHz in the resonance frequency have been reported in [43] . Also, measurable resonance frequency change of 10 KHz has been reported in [44] . Here, in general, the reported results for f and A are much larger ensuring the accurate measurements with VNA. Besides the repeatability of the measurements have been validated via performing the testes multiple times at the room temperature.
VI. CONCLUSIONS AND DISCUSSIONS
In this paper, we present a microwave sensor array based on five compact CSRRs for water quality testing. The sensor elements operate at different frequencies covering a wide frequency band from 1 GHz to 10 GHz. This is, to our best knowledge, the first time that a microwave sensor array is studied for water quality testing. Operating over a wideband frequency range allows for acquisition of larger amounts of data that would, in turn, increase the detection and evaluation accuracy. Since the sensor array can be fabricated using conventional PCB technology, it can be mass-produced and distributed over vast bodies of water such as lakes, water reservoirs, etc.
For a compact and cost-effective sensing device, VNA needs to be replaced with an inexpensive data acquisition system. For this purpose, the sensor array structure has the advantage of easy integration with RF and microwave circuits. Sample readout circuits that can replace VNA have been presented based on the direct detection (homodyne) [45] and heterodyne detection schemes [46] . Alternatively, the sensor array can be adapted to wireless data acquisition techniques, similar to RFID sensor technology (e.g., see [47] ). This would be an important step toward fast data acquisition for a large number of sensors covering a wide area. Such configuration addresses the scalability issue of conventional lab-based water testing approaches to quickly test vast bodies of water. In particular, techniques similar to the UWB chipless RFID proposed in [48] are attractive. However, one drawback of these systems is that the signal to noise ratio (SNR) will be lower than a VNA measurement system. As explained in detail in [48] , the useful signal returned back by the sensing system and measured by the reader antenna is affected by many factors which, in turn, reduce the SNR in a wireless data acquisition technique as compared to VNA measurements leading to lower dynamic range of the sensing system.
The sensor array was tested with water solutions with pollutants such as nitrate, phosphate, ammonium, and heavy metals (Hg, Pb, Cr). It was also tested with water samples with different levels of pH, NaCl (conductivity), and DO. The preliminary results show that using an array with elements operating at different frequencies is very beneficial. This is due to the fact that while some sensors may not respond to a particular contaminant, others can provide noticeable and readable responses. Besides, it is observed that frequency shift and change in the level of the response at resonance fre-quency are both important parameters to consider for detection and evaluation of the water contaminants and parameters.
Future work includes using proper machine learning and pattern recognition algorithms to autonomously detect the contaminant in water and evaluate its concentration. We believe that using such post-processing tools allows for more accurate detection and evaluation of water samplers since a decision is made based on a pattern (vector of numbers) produced by the senor array. This is in contrast to the single sensor systems, in which, the decision is made only based on single response values.
Furthermore, the effects of ambient parameters, most importantly temperature, have to be studied in detail. Reducing such effects is necessary to have reliable water testing outcome. To reduce the effect of temperature, two approaches can be implemented, in practice. First, the temperature of the sample can be read and entered as a parameter in the postprocessing algorithms. Such algorithms should have been trained with a priori data to calibrate out the temperature effect. Alternatively, calibration with respect to the temperature can be implemented by using differential responses for two sensors kept at the same temperature: one sensor exposed to distilled water and the other one exposed to the tested sample. The post-processing algorithms should be trained for such differential responses then.
APPENDIX
In this Appendix, we present the dielectric properties of the solutions measured in section V.B in table format (Tables 5  to 10 ). For brevity, The ε r and ε i values are down-sampled to present the values at frequencies 1 GHz to 10 GHz with steps of 1 GHz.
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